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ABSTRACT
Sikder, Md. Kabir Uddin. MS. The University of Memphis. December 2011. Combined
Effect of Transmembrane Proteins and Cortical Cytoskeleton on the Lateral Organization
of Plasma Membranes. Major Professor: Mohamed Laradji, Ph.D.
The plasma membrane acts as a functional interface between the cytoplasm and
the outer environment of a cell. The plasma membrane is composed of different types of
lipids and proteins, and is underlined with a cytoskeleton meshwork. The plasma
membrane of eukaryotic cells exhibits compositional heterogeneities in the form of
nanoscale lipid domains, called lipid rafts. The domains in model membranes are large
micron-scale domains, larger than the nanoscale lipid rafts in the plasma membrane. In
the present work, the hypothesis made earlier by Kusumi et al. has been addressed
through large scale Langevin molecular dynamics simulations of a model recently
developed by Laradji et al. Our systematic simulations over a range of number density of
transmembrane proteins, cytoskeleton corral size, and cytoskeleton tension, show that the
degree of protein confinement depend strongly on the relative protrusion of the protein,
tension of the cytoskeleton, and corral size. It is also found that the confinement of
proteins by the cytoskeleton leads to a slowing down of the kinetics of phase separation
of a multicomponent lipid bilayer, and may lead to a microphase separation confirming
the validity of the picket-fence model.
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CHAPTER I

INTRODUCTION AND OVERVIEW

I.1 Lipid membranes
The plasma membrane is the outer boundary of a cell [1]. It provides structural
integrity to the cell and acts as a functional interface between its cytoplasm and outer
environment through both transmembrane and anchored proteins. The plasma membrane
is a self-assembly of lipids and protein molecules held together by noncovalent
interactions and is linked with a subjacent cytoskeleton [2]. The plasma membrane is
involved in different physiological processes like transmembranous transports, signal
transduction, trafficking, endocytosis, cytokinesis, and apoptosis [3-5]. A model
membrane is shown in Fig. 1.

FIG. 1. Model membrane: Lipids have red head (hydrophilic) and blue tail (hydrophobic) particles. There is
a cytoskeleton mesh in cyan underneath membrane, anchor proteins are at the junction of cytoskeleton
filaments in magenta, embedded proteins with yellow head and white tail particles and transmembrane lipid
in ochre.
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The lipid molecules are arranged as a continuous double layer of 4-5 nm thick in an
asymmetrical fashion (cf. Fig. 1). Lipids constitute about 50% of the mass of most
eukaryotic cell membranes. They are insoluble in water and relatively impermeable to
water and water soluble molecules, due to the hydrophobic moity of lipid molecules. The
lipid bilayer is the basic structure of plasma membrane [2]. Lipid bilayer is comprised of
more than 2000 species of lipid molecules [6]. Among them phospholipids are the most
abundant, and sphingolipids, cholesterol, and glycolipids are also abundant.
Sphingomyeline and phosphatidylcholine are most abundant in outer leaflet while
phosphatidylserine and phosphatidylethanolamine are predominantly in inner leaflet of
the lipid bilayer [7]. Lipids are amphipathic, that is they have a hydrophilic polar or ionic
head group and a hydrophobic nonpolar tail group, typically composed of hydrocarbon
chains. The hydrocarbon tails vary in lengths and may contain both unsaturated carboncarbon bonds (having one or more cis-double bonds) or saturated carbon-carbon bonds
(having no cis-double bonds) lipids. The difference of the length of lipid tails and degrees
of saturation are very important as they strongly influence the fluidity of the plasma
membrane [2]. Cholesterol molecules orient themselves in the bilayer with their hydroxyl
groups close to the polar head groups of phospholipids molecules [2]. They are thought to
enhance the mechanical stability and prevent the decrease of fluidity of lipid bilayer [2].
Generally glycolipids constitute about 5% of the lipid membrane in the outer monolayer,
which acts as surface receptors. They vary widely from one species to another and even
between tissues of same species [2].
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The lipid membrane has about 50% protein molecules by mass [2]. Membrane
proteins are classified into two major types, based on their nature of association with the
membrane. These correspond to peripheral membrane proteins and integral membrane
proteins [8]. Peripheral membrane proteins have sites with affinity for binding to the
membrane surface. They can be washed away from membrane surface by changing ionic
strength or pH [8]. These proteins are not integrated with hydrophobic part of lipid
membrane. Peripheral membrane proteins can be further subdivided into two categories.
One is termed as associated membrane proteins such as cytochrome c, which is
associated with inner mitochondrial membrane and other is as skeletal. Skeletal
membrane proteins form the cytoplasmic protein networks or cytoskeleton meshwork
with intimate association to the inner leaflet of the lipid membrane [8]. Spectrin is a
skeletal membrane protein of human erythrocyte membrane [8].
As the hydrophobic part of the integral membrane proteins is bound to the
structure of the lipid bilayer, it cannot be removed from lipid membrane without affecting
the lipid bilayer structure. This is why integral membrane proteins are thermodynamically
compatible with the interior of the membrane [8]. Integral membrane proteins can also be
subdivided into two classes such as anchored proteins and transmembrane proteins. A
portion of the anchored protein is buried in the hydrophobic region of the lipid bilayer.
Transmembrane proteins appear on both sides across the membrane and its hydrophobic
region is structurally bound to the lipid bilayer. For example, glycophorin is a
transmembrane protein [8]. Transmembrane proteins protrude across the membrane and
extend through membrane skeleton networks such as beyond the lipid bilayer, the
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exterior glycocalyx of band 3 protein extends to the order of 10 nm [9] and the length of
cdb3 tetramer is approximately 14 nm [10]. The transmembrane protein band 3 interacts
well with spectrin network as the effective thickness of spectrin network is 30 nm [9].
Cellular membranes maintain a transmembrane charge gradient. Membranes also
behave as transducers for molecular information between inner and outer environment of
the cell for different cellular functions [8]. Through compartmentalization membranes
mediates overall cellular communications. By these features, biomembrane provide
functions, which are needed to cell viability, growth, and developments [8].

I.2 Phase separation in lipid bilayers and the concept of lipid rafts in
Biomembranes
A phase of a material reflects a specific degree of order [4]. Temperature variation
results thermotropic phase transition. Phospholipid bilayer can undergo main phase
transitions. The main phase transition is characterized by a transition temperature where
the specific heat attains its maximum. [4]. The main phase transition of phospholipid
molecules corresponds to their melting point and indicates that the molecules below the
transition point are highly ordered in a gel phase with triangular translational symmetry.
However above the transition point the molecules are more disordered. The high
temperature phase is called the liquid-disordered phase. This phase is characterized by
both translational disorder and disorder of the lipid conformations [4].
If more than one type of lipids is present in the lipid bilayer, the situation becomes
more complex as the transition of lipid molecules takes place over a range of temperature
and the bilayer phase-separates into more than one phase [4]. This is due to molecular
interaction between the two types of lipid molecules. Lipid molecules of the same kind
4

typically exhibit more attractive interaction than with different lipids. If cholesterol is
added to lipid bilayer of two types of lipid molecules then new scenarios emerge. As
cholesterol is an amphiphilic molecule it incorporates into the lipid bilayer easily but the
problem appears when the lipid bilayer is dense [4]. As one side of the cholesterol
molecule has hydrophobically smooth and stiff steroid structure, it has preference to have
conformationally ordered lipid molecule next to it since they have strongest interactions
[4]. Due to the molecular size and shape, cholesterol cannot fit well with lipids of solidordered phase. On the other hand cholesterol molecule can be incorporated into the lipids
of liquid-disordered phase where enough free space is available [4]. In reality, cholesterol
introduces a liquid ordered phase first proposed by Ipsen et al. in 1987 [4] where lipids
exhibit conformational order but lacks translational order. Cholesterol stabilizes this
liquid order phase over a range of temperature and compositions [4]. However beyond a
particular mixing point it is hard to distinguish the liquid ordered phase and the liquid
disordered phase. Around this critical point the fluctuations of density and lipid bilayer
compositions occur which could be the source of the formation of finite nanoscale lipid
domains or lipid rafts [4]. Model rafts are shown in Fig. 2.
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Fig. 2. Model of biological rafts. Here rafts are composed of B-lipids (green head and magenta tail) and
proteins (yellow head white tail). A-lipids are shown as relatively transparent (red head and blue tail) in
which rafts are present.

Entropy of lipid membrane: Let a lipid bilayer composed of two types of lipids,
A and B. If there is no volume change during mixing and macroscopically two types of
lipids are uniformly mixed through entire system. The volume fractions of A and B lipids
are as A= VA/ (VA+VB) and B= VB/ (VA+VB)=1-A respectively. Where, VA and VB are
the volume of A and B lipids in the mixture. Again, the molecular volume of the A and B
lipids are vA =NAv0 and vB=NBv0. Where, vA and vB are the volume of each A and B lipid
molecules respectively, NA and NB are the number of lattice sites occupied by each
respective molecule and v0 is the volume of a lattice site. So the number of lattice sites in
the system is n = (VA+VB)/v0, while all molecules of A lipid have VA/v0 = nA sites and
for B lipids VB/v0 = nB sites.
We know that entropy S = kBln; where, kB is the Boltzmann constant and  is
the number of ways to arrange the molecules on the lattice sites (number of states). The
number of translational states of given molecule is simply the number of independent
positions that a molecule can have on the lattice sites, which is equal to the number of
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lattice sites. So the possible states of the A and B lipid mixtures AB = n and A = nA
and B = nB respectively. The entropy change for a single molecule is SA = klnAB kBlnA = kln(AB/A) = kln(n/nA) = -klnA [11]. Similarly for B lipids SB = -kBlnB
[11]. The total entropy of mixing Smix = nASB + nBSB = -k(nAlnA+ nBlnB) [11], There
are nA = nA/NA and nB = nB/NB number of molecules of A and B lipids respectively. The
entropy of mixing per lattice site is an intrinsic thermodynamic quantity [11] and it can
be written as,









Energy of lipid membrane: Interaction between the lipid types can be either
attractive or repulsive. Let the pairwise interaction energies between adjacent two types
of lipids be uAA, uBB, and uAB and the probability of neighbor being a monomer of A lipid
is the volume fraction A of the A lipid molecules. Here we will use a mean field
approximation, and we will ignore other interaction effects. Hence for the B lipid
molecules the probability B = 1- A. The average pairwise interaction of an A-monomer
with one of its neighbouring monomers is volume fraction weighted sum of interaction
energies as UA = uAAA + uAB B and similarly for B lipid monomers UB = uBBB + uABA
[11]. Summing all the interactions the total energy of the mixture U = (zn/2) x [UAA +
UBB] [11]. Every pair is counted twice and thereby the factor ½ has been introduced for
accuracy of the energy calculation and z is the coordination number. Denoting the
volume fraction of A lipids by  = A =1- B, the total energy can be expressed as [11]
7









The total energy of both lipids before mixing can be expressed as [11]





The energy change of the mixture per site is from Eq-2 and Eq-3 [11],









Now, using the values of

from Eq-1 and

from Eq-4, the Helmholtz free

energy of mixing per lattice site can be expressed as [11]:

Or
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Phase separation of lipid bilayer: The first two terms in the free energy in Eq-5
have an entropic origin, which promotes mixing [11]. The last term is from energetic
origin and its role on phase separation depends on the sign of the interaction parameter
[11]. When it is positive, the demixing of two lipids will be promoted, and when it is zero
the ideal mixture will be favorable [11], and if it is negative, a single phase will be
favorable for all compositions [11]. Therefore, for

> 0 and when the value of the last

term is dominating over first two terms phase separation becomes favorable [11].
Helmholtz free energy is implicitly in the model used for present work through the
particle interactions.
The concept of lipid rafts in lipid membrane: The fluid mosaic model of
membranes proposed by Singer and Nicolson in 1972, assumes that a membrane is
primarily composed of a homogeneous lipid matrix, in which proteins are randomly
distributed [4, 5]. In 1974 scientists proposed that lipid clusters exist in the membrane
based on studies of temperature effects on membrane behavior [5] and it was suggested
that these lipid clusters are quasicrystaline. However later on in 1978 the idea was refined
as the lipids are more ordered states in the lipid clusters [5]. The concept of lipid domains
in membranes was formalized in 1982 by Karnovsky et al. who observed the
heterogeneity of lipid domains in a lifetime and phase behaviors in the lipid membranes
[5]. In 1997 Simons et al. [12] hypothesized that lipid raft is the specialized region of cell
membranes where sphingolipids and cholesterol cluster as a result of chemical affinity
and/or their preferential packing. Proteins could be included or excluded by these regions,
and this specific segregation has been proposed to mediate their biological activities [12].
Later on in 2002, Anderson and Jacobson proposed that lipid rafts are lipid shells which
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are small, dynamic molecular-scale assemblies in which raft proteins preferentially
associated with specific type of lipids [13]. Maxfield stated that a large fraction of the cell
membrane is raft-like and exists as a mosaic of domains [14]. Mayor and Rao proposed
that lipid rafts are thermal fluctuations [15]. These small lipid domains are actively driven
to coalesce into large lipid rafts [15]. Lipid rafts have been considered as the
representative of dynamic domains and molecular complexes by Kusumi et al. [16].
They proposed that a molecular complex of three molecules at least could be defined as a
raft. A molecule with saturated alkyl chain or a cholesterol molecule could be included in
this raft and cholesterol could play the critical role to form the raft or the molecular
complex itself [16].
According to the consensus at the 2006 keystone Symposium of Lipid Raft and
Cell Function, “Lipid rafts are small (10-200 nm), heterogeneous, highly dynamic, steroland sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts
can sometimes be stabilized to form larger platforms through protein-protein and proteinlipid interactions.” [5, 20].
Despite the large number of studies devoted to studies of lipid rafts both in vivo
and in vitro conditions, the understanding of their stability remain unclear [17].
Understanding the stability nano-scale lipid rafts can help in elucidating the role of lipid
rafts in a number of cellular processes including signal transduction, membrane
trafficking, protein sorting, viral entry, and budding in the plasma membrane [17, 18, 20].
Therefore the mechanism to explain of stability of lipid raft is also most demanding to
understand the cellular processes. There are several hypotheses which explain the
mechanisms of finite nanoscale size of lipid domains in living cell membranes. Laradji
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and Sunil Kumar proposed that the fine size of lipid rafts is the consequence of the
asymmetry in the transbilayer lipid distribution in the plasma membranes [7, 18].
According to Mayor and Rao‟s hypothesis, larger and more stable rafts are induced from
preexisting small lipid assemblies which are actively maintained by cellular processes
[15, 18]. Based on the study of a giant plasma membrane vesicle reconstruction directly
from living cells, Veatch et al suggested that the rafts result from the critical fluctuation
of plasma membrane compositions [18, 19]. The larger and long lived rafts are formed as
the temperature is decreased to the transition temperature [18, 19]. Lipid rafts are
heterogeneous in protein and lipid composition which could lead their stability [20]. The
nanoscale size of lipid rafts could be linked to the lipid recycling and trafficking [18, 21,
and 22]. Kusumi et al. proposed a picket-fence model due to the combined effect of
transmembrane proteins and the cortical cytoskeleton as the reason for the stability of
small scale lipid rafts [16], which is described below.

I.3 Picket-Fence Model: Effect of cytoskeleton and transmembrane proteins
Anchored Protein Picket Model: This model proposes that various
transmembrane proteins anchored to and lined up along actin based membrane skeleton
act as rows of pickets which temporarily confine the phospholipids and proteins in the
membrane skeleton (compartment) due to the steric hindrance and hydrodynamic
friction-like effects of immobilized picket proteins. It is assumed that the transmembrane
proteins are not immobilized by anchoring membrane skeleton. The compartment
boundaries are not totally closed off by the transmembrane proteins but the frictional-like

11

FIG. 3. Anchored Protein Picket Model [16].

FIG. 4. Membrane Skeleton Fence Model [16].
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effects of immobilized picket proteins have influence over a range of distance.
Transmembrane proteins do not make effective diffusion obstacles [16]. Fig. 3 represents
this model.
The membrane Skeleton Fence Model: According to this model,
transmembrane proteins stick out into the cytoplasm and hence their cytoplasmic domain
may collide with the membrane skeleton, which induces a temporary confinement of the
transmembrane proteins in the membrane skeleton mesh (compartment corral).
Transmembrane proteins could hop from a compartment to an adjacent one when the
actin filament temporarily and locally breaks, or the membrane-to-skeleton distance
fluctuates to allow the passage of the transmembrane proteins, and/or the protein has by
chance enough kinetic energy to push through the barrier of the skeleton mesh [16]. Fig.
4 represents this model.
The size of the compartments varies from 30 to 250 nm and the residency time of
membrane molecules within the compartment varies from 1 ms to 1 s depending on the
types of cells and proteins [16]. Kusumi et al. have also mentioned that the diffusion of
membrane molecules in the plasma membrane is lower than that of the synthesized
membrane in the laboratory called model membrane by a factor of 5-50. In addition to
this cholesterol exclusion area of diameter 1.5 to 5 nm around the transmembrane
proteins suppress the growth of lipid rafts over 30-250 nm in protein enriched membrane
[16]. Therefore the above Picket-Fence model (cf. Fig. 3 and Fig. 4) basically may
illustrate the effects of the transmembrane proteins and the membrane skeleton meshwork
on the lipid formation and why the lipid domains are in nanometer scales with relatively
longer life time.
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The size of lipid rafts in the plasma membrane is in the nanometer scale.
Experimental results show that lipid raft size in model membranes is large and often
exceeds 10 m [23, 24 and 25]. The basis of this difference could come from a number of
reasons. Model membranes are not affected by active cellular processes as living cell
membranes, such as vesicle trafficking or rapid lipid flip-flopping between two leaflets
[17]. Another difference is that model membranes typically neither contain proteins nor
are supported by a cytoskeleton meshwork and therefore the corresponding molecular
interactions are absent in the model membranes [17]. On the other hand most of the
proteins are bound to the plasma membrane to perform their cellular activities, which
characterize the plasma membranes as nonequilibrium systems [18]. It is hardly possible
to maintain the complexity as well as the number of lipid species in a model membrane as
in the plasma membrane and most of the experiments with model membranes are
normally carried out at equilibrium [20]. In addition to these differences recently Kaiser
et al found significant difference between the structure of liquid ordered domains in
model membranes and the less-ordered structure of lipid rafts in multicomponent plasma
membranes [26].
The goal of this present work is to test the Picket-Fence hypothesis through
systematic computer simulations using a model that combines the effect of transmembrne
proteins and cortical cytoskeleton meshwork on the lipid domain formation and their
growth as well as how this effect influences the domain size. This is done using an
implicit solvent model, recently developed by Laradji's group [27]. The combined effect
of transmembrane protein number density, cytoskeletal tension and cytoskeletal corral
length have been observed, which show that the degree of protein confinement depends
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strongly on the relative protrusion of the protein, tension of the cytoskeleton, and corral
size. It has been found that confinement of proteins by the cytoskeleton leads to a
dramatic slowing down of the kinetics of the phase separation, and eventually a
microphase separation of a multicomponent lipid bilayer, which seem to confirm the
validity of the above picket-fence model. The saturation of domain size decreases with
increasing transmembrane protein number density, decreasing cytoskeleton corral size, or
increasing cytoskeleton tension.
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CHAPTER II

MODEL AND COMPUTATIONAL APPROACH

II.1 Molecular Dynamics
Molecular dynamics (MD) is an important computational tool, first introduced in
1960 by Aneesur Rahman, to investigate argon, has rapidly been exteneded during the
last 50 years to investigate the physical properties of a very wide range of systems. In
particular, MD has been used to study both hard and soft materials, and has proven to be
particularly useful to investigate system composed of biological molecules such as DNA,
proteins and self-assemblies of lipids. The molecular dynamic simulation is a computer
simulation technique that provides the dynamic properties of assemblies of molecules in
terms of their structure and microscopic interactions in the system. MD simulation can
provide very useful details on individual particle motion which is addressable for specific
properties of a model system, often more easily than experiments on a real system. In
some cases, simulations can play the role of theory to be validated by experiments. In
other instances, however, where experiments are difficult or even impossible, simulations
could be used as a possible alternative to experiments [28]. Molecular dynamics
simulations, similar to other computational methods which are used in conjunction with
statistical mechanics, provides a bridge between the microscopic world and the
macroscopic world, as it is able to predict thermodynamic properties starting from
microscopic interactions. Molecular dynamics can also be used as a reliable test to a
theory, where typically a range of approximations, such as mean field approximations,
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are used in order to make the theory tractable. A theory can be tested through simulation
that might be difficult in the laboratory [29].
Due to recent development of modern computers, at present the simulation time is
extended to a range from 100 ns to µs, which makes possible to study some biological
phenomena rigorously by molecular dynamics simulations such as structure formation of
phospholipid bilayer studied in real time [28]. There are three main theoretical and
computational approaches that have been used to study lipid bilayers: (1) continuum
membrane elasticity models (2) atomistic molecular dynamics models and (3) mesoscale
molecular-level models. Different aspects of lipid membranes including the
morphological phase behavior of vesicles, the phase behavior of multicomponent
membranes in particular, the kinetics of domain growth has been studied by the first
approach where the theories are based on Helfrich Hamiltonian [27, 30]. Within this
approach, the compositional and conformational fluctuations are ignored and the
membrane is considered as a thin elastic sheet [27]. As the typical duration of atomistic
molecular dynamic simulations is short (few 100ns), atomistic MD is suitable to study the
microscopic interactions, diffusions at short and intermediate time scales but not suitable
to study membrane undulations, fusion and fission processes and compositional
heterogeneities and other phenomena as well, which need much longer length and time
scales. Among mesoscale models, dissipative particle dynamic (DPD) models [31-33]
and implicit-solvent models [27, 34] are widely used.
The DPD approach is much faster than atomistic MD, due to the use of soft
interactions, and is therefore appropriate for studying certain long wavelength
equilibrium properties as well as slow and long wavelength dynamical properties of lipid
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bilayers. Certain phenomena of lipid bilayers, however, cannot be addressed through
conventional DPD, due to the very long time scale and long wavelength of the
phenomena. In this case, implicit solvent molecular model can be very useful as in such
models, CPU time is fully devoted to solving the equations of motion of the lipid
particles instead of being mainly devoted to the much bulkier solvent [27]. In this thesis,
the finite size of lipid domains in multicomponent planar lipid membranes and in the
presence of transmembrane proteins and cytoskeleton, is being investigated through large
scale and systematic Langevin molecular dynamics of a solvent-free model recently
developed by Revalee et al. [27].

II.2 Solvent-free model for lipid bilayers
The basic idea of solvent-free molecular models is that solvent particles are
effectively "removed" from the simulation, while keeping their effect, through
considering effective interactions between lipid particles that allow their self-assembly
into stable bilayers. This is typically done by making tail-tail interactions attractive over
intermediate ranges [27].
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Hydrophilic bead

Hydrophobic bead

FIG. 5. A lipid molecule: one head particle (red color) and two tail particles (blue color).

Lipid molecules shown in Fig. 5 can be treated as rigid rods or flexible chains in
solvent free mesoscale models. In the case of rigid like structure of lipid molecules the
model predicts a higher value of the bending modulus which is bit higher than in
experiments [27]. In the model which is used in the present work, lipid molecules are
considered as semiflexible amphiphilic linear chains consist of three soft beads. One is a
hydrophilic bead representing the lipid head particle and the remaining two beads are
hydrophobic [cf. Fig. 5] beads representing the lipid tail particles. Solvent free
simulations are performed without any kinds of friction or viscous terms to represent the
thermal and kinetic aspects of solvent molecules which increase the conformational and
statistical sampling of equilibrium properties but the relation of power law and kinetic
rates can be more complicated. This is why, in some degrees, solvent viscosity should be
added to the solvent free simulations to study the realistic kinetic behavior [35].
Therefore, the particles equations of motion using molecular dynamics with a Langevin
thermostat are given by [27]
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Where, ri and vi are the position and velocity of the ith particle in the system. m is the
mass of each lipid bead regardless of kinds. In Eq-7

is the coefficient of friction of a

bead, and  i(t) is a random force originated from the heat bath, which satisfies the
following relation,

Where, kB is Boltzmann constant and T is absolute temperature in K. Here the random
forces are not pairwise and therefore the momentum is not conserved locally.
The potential energy in Eq-7 has three parts as following,

Where,
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U(0) is a soft pairwise interaction between the neighboring beads and is given by,

 and  represent lipid head (h) and lipid tail (t) beads respectively. rc = 2rm where rm is
minimum distance between two beads and rc critical distance from a bead respectively.
The potential energy U(bond) makes bonding between beads in a chain elastically. It can be
written as,

Where, kbond is the stiffness and ab is assumed bond length between two adjacent beads
within the chain.

In the Eq-10 the three-body interaction potential energy U(bend) is given by

Where, kbend is the bending stiffness of the lipid chain,

and θ0 = 1800

is considered for this model. The above model is developed by Revalee et al. [27]. Using
this model, the obtained tail-tail pair interaction potential energy as a function of distance
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between particles is compared with another contemporary model of Cooke et al. [36] is
shown in Fig. 6. The figure shows that the present model is softer than Cooke model.

FIG. 6. The tail-tail pair interaction potential energy as a function of distance between particles. The solid
line and the dashed line represent the model [Eq-7] used in present work and the model of Cooke et al.
[36]. The model of Cooke et al. is adjusted such that its minimum potential coincides with that of the
model [27].

Interaction parameters: rescaling of units has been implemented for physical
quantities such as energy, mass, temperature, etc. in the simulation. Base unit of energy is
 and m is for mass. m is same for all particles and has the magnitude of one unit. Using
these scale units time has been defined as  = rm(m/)1/2, where rmin = rc/2 and rmin  1
nm.

=6)m/ is used in Eq-9. The dimension of each membrane system has been

considered as Lx  Ly  Lz, where Lx = Lz . In present work, cytoskeletal meshwork is
modeled as equilateral triangular lattice structure and hence Ly = (3)/2 Lx . The
maximum and minimum potential energies for lipid head (h), lipid tail (t), cytoskeleton
(c) and anchor (a) particle interactions which have been used in Eq-11 are
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=
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=
=

=

=100 and

=200 and

= 0 respectively. For tail-tail

between protein head and other particle

interactions are 100 and 0 respectively. There two types of membrane systems have been
simulated for lipid raft studies. In first case proteins are in the rafts where
= -6,

= -5.5 and

second case proteins are outside of the rafts where
= -5.8 and

= -5.5. In
= -6,

= -5.6. In Eq-12, for bonding

interactions between two adjacent beads within a single chain of lipids, proteins and
cytoskeleton filaments, and anchor to cytoskeleton or anchor to lipid beads bonding
stiffness

and the bond length ab=0.7rm. Bending stiffness

is

100 for bending interaction among the beads in lipid chains, proteins and cytoskeleton
filaments in Eq-13. Temperature for all membrane systems remains same as kBT= 3.0.
Model membrane: In this simulation model membranes are flat and tensionless
and their initial maximum thickness without cytoskeleton is 3.5 nm and with tensed
cytoskeleton is 4.2 nm. One model membrane system which has been constructed in the
present work has system size (Lx ) = 77.9 nm, number of lipids (Nl ) = 15752, number of
anchor particle (Anc) = 4, cytoskeleton corral length (CCL) = 38.95 nm, number of
cytoskeleton bead (NCB) = 40, and corresponding cytoskeleton string length (CSL) =
38.32nm is in Fig. 7. In this system cytoskeleton is relatively tensed. This model
membrane is composed of one type of lipids. Each lipid has three beads (cf. Fig. 5). Red
particle is lipid head which is hydrophilic. Other two blue particles which correspond to
lipid tail are hydrophobic. Triangular membrane cytoskeleton meshwork [cf. Fig. 7 and
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Fig. 8] is also modeled underneath of lipid bilayer. The cytoskeletal meshwork is
attached to the lipid membrane by anchor particles (called anchor proteins) at the
synaptic points of the cytoskeletal filaments. Tensed or loose cytoskeletal mesh work
depends on the number of beads within a filament connecting two anchor particles. Loose
filaments have more beads than that of the tensed filaments for the same corral length.
The cytoskeletal string length (CSL) is defined as CSL= ab x (NCB+1). Where ab is the
bond length between two beads in the cytoskeletal string or filament and NCB is the
number of cytoskeletal beads in the concerned cytoskeletal string. The anchor particles
are uniformly distributed in the cytoskeletal meshwork underneath the lipid bilayer and
the distance between any two anchor particles is same. So the distance between two
successive anchor particles (AncD) is calculated as AncD = (Lx /Anc), where AncD is the
distance between two anchor particles and Anc is the number of anchor particles along
Lx. The tension of cytoskeleton meshwork is defined as „r = CSL/CCL‟. Cytoskeleton
tension decreases when the value of r increases. A transmembrane protein is embedded
in lipid bilayer in Fig. 7 is hexagonal cylindrical shaped comparatively rigid body long
enough to protrude through the lipid bilayer up to membrane skeletal layer. The protein
has been modeled with two hydrophilic parts and a hydrophobic part in Fig. 9. One
layered hydrophilic part is constructed on the top of hydrophobic part and other
hydrophilic part is at the bottom of the hydrophobic part which has six layers of particles.
The hydrophilic beads in yellow of the transmembrane proteins have been treated as head
groups. The hydrophobic part in white of the transmembrane protein has five layers and
the beads in this part have been considered as tail groups for required interaction in the
simulations. All layers are symmetric. Each layer of the transmembrane protein whether
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hydrophilic or hydrophobic has two dimensional equilateral lattice structure contains 7
soft beads and therefore each protein has 12 layers containing 84 beads altogether among
which 35 beads are hydrophobic and 49 beads are hydrophilic. The distance between two
consecutive equilateral triangular lattice points is 0.7 nm (bond length = ab). The distance
between two adjacent layers is also 0.7 nm along Lz (bond length = ab) and hence initially
constructed height of each protein is 8.4 nm. The radius of the transmembrane protein has
been taken as 0.8 nm but while the transmembrane proteins have been embedded in the
lipid bilayer randomly the effective radius of each protein is 1.3 nm as the distance
between the peripheral beads of a protein and lipid around the proteins rmin = 1 nm.
Hence the effective cross-sectional area of each protein in the lipid bilayer is 1.69π nm2
in order to reduce the required number of lipids from the system where the proteins were
placed. The above mathematical models of potential energy have also been applied for
model proteins and cytoskeleton meshwork.
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Cytoskeleton

Anchor particle

Protein

Membrane

Hydrophobic tail

Hydrophilic head

FIG. 7. Side view of a membrane composed of one type of lipid. Red and blue particles correspond to lipid
head and lipid tail particles, respectively. The cytoskeleton meshwork is shown in cyan. Anchor particles
are in the cytoskeleton meshwork in magenta and a protein is embedded in the membrane. Yellow and
white particles in the protein are hydrophilic and hydrophobic, respectively.

(a)

(b)

FIG. 8. (a) Top view of the membrane with cytoskeleton composed of 16 anchors. (b) Corresponds to a
cytoskeleton meshwork (alone) composed of 256 anchors, and an average cytoskeletal string length (CSL)
is 11.12nm.
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Hydrophobic
beads (in white)

Hydrophilic
beads (in yellow)
(a)

(b)

FIG . 9. (a) Cylindrical and hexagonal structure of a model protein, (b) Cross-sectional and side view of a
model protein.

II.3 Numerical method
A cubic box scheme with box length of rc (=2rm) is replicated thoughout the space
of finite size membrane system and boundary conditions of minimum image convention
have been applied to form an infinitely periodic lattice such that a small infinitely
periodic system represents a macroscopic system. Membrane systems were brought to
equilibrium state after 5000000 time steps. Run time for each system is 5000000 time
steps. The value of iteration time step is t = 0.02 in Eq-9 where  in real time scale
1-10 ns estimated from diffusion coefficient. The net force acting on each particle in a
system has been calculated from model potentials represented in Eq-11, Eq-12 and Eq-13
using the following Eq-14 for each time step and has been integrated over the run time of
the system.
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Where,

.

The velocity verlet algorithm [37], which has been applied to compute the particle
velocity vi (t+) and position ri (t+) at time t+ using the following equations.











Where f(t) is the total force acting on a particle at time t.
During the simulation, coordinates (x, y, z) of all particles in the membrane
systems have been recorded at every 10000 time steps. Initial velocities of particles in
the system were zero and positions of particles were according the initial configuration.
Characterization of domains: Model membrane dynamics has been observed
through structure factor
of

, where
.

and

is the Fourier transform

are volume fraction of A lipid and B lipid

in membrane system. Second moment of structure factor is given by
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and size of a domain R is calculated from second moment as

. Domain size (R)

is plotted against time and the slope of this curve gives the domain growth rate. Final
domain size has been calculated by extrapolating the data obtained from the late time
domain growth saturation.
In the present work B type lipids are minority lipids in membrane and domains
are form from B lipids. Transmembrane proteins are also the part of the domains when
their attractive interactions with B lipids are strong. After forming clusters or domains,
from the cluster distribution at late time domain growth saturation the number of clusters
or domains are calculated. The last configuration of membrane system is gridded along xy
plane. Grid points on membrane surface correspond to the head particles in membrane
system. From the position coordinates of particles in a domain, the corresponding grid
point has been determined. Total area of small grid boxes in a domain represents the area
of the concerned domain. Total number of grid boxes around a domain is determined and
addition of their lengths provides perimeter of the concerned domain. Total interface of
domains in membrane system is calculated by adding the perimeter of domains in the
system. Anisotropy of a domain is defined by the ratio of perimeter and root square of
area of the domain which unique for each domain.
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CHAPTER III

DIFFUSION OF PROTEIN IN ONE-COMPONENT LIPID MEMBRANES

III.1 Lateral diffusion of proteins in membranes
Diffusion refers to the Brownian thermally-driven motion of particles within a
system. In this section, I focused on investigating the diffusion of transmembrane
proteins in the absence and presence of the subjacent cytoskeleton. In order to study the
diffusion and confinement of protein, a one component lipid membrane has been
constructed and then a model transmembrane protein has been embedded in it. It is well
established, that the Brownian diffusion of a solute particle in some medium leads to the
following relation between the mean square displacement and time [38-40].



Where, 

is the mean square displacement of the protein randomly moving in the

membrane. D is diffusion coefficient, t is time and d is the spatial dimension. In the case
of a membrane with gentle out-of-plane fluctuations along the z-axis, the system is
practically two-dimensional, and d=2.
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Protein

Membrane

FIG. 10. Model membrane of dimension of 20nm x 17.33nm without cytoskeleton where
embedded protein is free from cytoskeletal effect.

A membrane system of dimension 20nm x 17.33nm and 1050 lipid molecules and
without cytoskeleton is represented in Fig. 10. The run for this system was conducted for
five million time steps, which corresponds to a total time around 1ms. The position
coordinates of the center mass of transmembrane protein were recorded with respect to
time. The linear relation between the mean square displacement and time is indeed
observed as depicted in Fig. 11.

31

FIG. 11: Diffusion of transmembrane protein in a system without cytoskeleton meshwork.

III.2 Effect of cytoskeleton on the diffusion and confinement of
transmembrane proteins
Membrane system with short protein and tight cytoskeleton: Three systems
were constructed for this category and five runs were conducted for each of these
systems. Each run was conducted for five million time steps corresponding to 1 ms.
System size (Lx), number of lipids (Nl), number of anchor particle (Anc), cytoskeleton
corral length (CCL), and number of beads in each cytoskeleton string (NCB) and
corresponding cytoskeleton string length (CSL) for each membrane system are (1) Lx =
20.9 nm, Nl = 1135, Anc = 4, and CCL = 10.45 nm, NCB s‟ = 10 and CSL=11.12 nm, (2)
Lx = 39.9 nm, Nl = 4122, Anc = 4, and CCL = 19.95 nm, NCB s‟ = 20, and
CSL=21.35nm, (3) Lx = 77.9 nm, Nl = 15752, Anc = 4, and CCL = 38.95 nm, NCB s‟ =
40 and CSL=41.85 nm respectively. In Fig. 12, a cross-section of a snapshot of the
system with a short protein is shown, where Lx = 20.9 nm, Nl = 1135, Anc = 4, and CCL
= 10.45 nm, NCB s‟ = 10 and CSL=11.12 nm. r = CSL/CCL. r is a measure of tension of
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cytoskeleton meshwork. The values of r for the systems represented in Fig. 13 are 1.06,
1.07 and 1.07 respectively which means that the tension of cytoskeleton meshwork in the
systems is same. As the values of r are very close to 1.00, the cytoskeleton meshwork in
the systems is tensed. Fig. 13 shows that the cytoskeleton has almost no noticeable effect
on the diffusion of the protein. This is due to the fact that the protein does not protrude
from the membrane despite the fact that the cytoskeleton is fairly tense and close to the
membrane. Diffusion of short protein without any protrusion is not affected whether the
cytoskeleton meshwork is tight or loose in the membrane system. Therefore in this case
short protein is not confined within the cytoskeletal corral.

Cytoskeleton in cyan

Anchor particle in magenta

Protein
FIG. 12. Cross-sectional view of model membrane with an embedded short protein.
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FIG. 13. Diffusion of short protein in different systems. Cytoskeletal tension is same for all systems. The
protein is not confined within the cytoskeletal corral.

Effect of tension of cytoskeleton: In this case, simulations have been performed
for four various system sizes with gradually loose cytoskeleton meshwork underneath the
lipid membrane. Lx = 20.9 nm, Nl = 1135, Anc = 4, and CCL = 10.45 nm are same for all
systems. The respective NCBs‟ are 10, 15, 20, and 40 for four various systems. The
corresponding CSLs are 11.12nm, 14.94nm, 19.62nm and 38.32nm respectively. The
values of r for the systems shown in Fig. 17 are 1.06, 1.43, 1.88 and 3.67 respectively and
therefore the tension of cytoskeleton meshwork in the corresponding system gradually
decreases. Membrane system with Lx = 20.9 nm, Nl = 1135, Anc = 4, and CCL = 10.45
nm and CSL=38.32nm where a long protein is embedded has been presented in Fig. 14.
This figure shows that cytoskeletal filaments are loose enough which allow the protein to
pass from one corral to other corrals very easily. Therefore, no significant barrier is
established by the filaments of loose cytoskeleton meshwork on diffuse of the protein.
The systems presented in the Fig. 15, where CSL = 11.12 nm (black line) and CSL =
34

14.94 nm, (red line) the cytoskeletal meshwork is relatively tight and the protein is
confined there. The systems in the same figure, where CSL = 19.62 nm (green line) and
CSL = 38.32 nm, (blue line) the cytoskeletal meshwork is loose and the protein is not
confined there and the diffusion behavior of the protein almost same as in the system
(violet line) of without cytoskeleton meshwork.

Cytoskeleton

Protein
Membrane

FIG. 14. A long protein is embedded in model membrane with loose cytoskeleton.
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FIG. 15. Comparison of protein diffusion in systems of tight, loose and without cytoskeletal network.

Membrane system with long protein and tight cytoskeleton: In this case, six
systems were simulated. Five runs were conducted for each of these systems. Each run
was conducted for five million time steps. System size (Lx) , number of lipids (Nl),
number of anchor particle (Anc), cytoskeleton corral length (CCL), and number of beads
in each cytoskeleton string (NCB) and corresponding cytoskeleton string length (CSL)
for each membrane system are (1) Lx = 23.75 nm, Nl = 1466, Anc = 25, CCL= 4.75 nm,
NCB = 4 and CSL=4.97nm, (2) Lx = 22.8 nm, Nl = 1351, Anc = 16, CCL = 5.7 nm, NCB
= 5, and CSL=5.98nm, (3) Lx = 20.9 nm, Nl = 1135, Anc = 4, CCL = 10.45 nm, NCB =
10, and CSL=11.12nm, (4) Lx = 30.4 nm, Nl = 2370, Anc = 4, CCL = 15.2 nm, NCB =
15, and CSL=16.23nm, (5) Lx = 39.9 nm, Nl = 4122, Anc = 4, CCL = 19.95nm, NCB =
20, and CSL=21.35nm and (6) Lx = 77.9 nm, Nl = 15752, Anc = 4, CCL = 38.95 nm,
NCB = 40, and CSL=41.85nm respectively. The values of r for the systems represented
in Fig. 17 are 1.05, 1.05, 1.06, 1.07, 1.07 and 1.07 respectively. So the tension of
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cytoskeleton meshwork in the systems is same. In this case the values of r are also very
close to 1.00 and therefore the cytoskeleton meshwork in the systems is tensed.
A snapshot of a membrane system with long protein where Lx = 77.9 nm, Nl =
15752, Anc = 4, CCL = 38.95 nm, NCB = 40, and CSL=41.85nm is presented in Fig. 16
which shows that the protein protrudes obviously into the cytoskeleton. From position
coordinates of the center of mass of protein root mean square (RMS) displacement vs
time were plotted in Fig. 17. This figure implies that protein diffuses in a within a certain
region as the RMS displacement remains almost constant as time goes to infinity.
Therefore the data represented in Fig. 17 strongly supports the confinement of proteins
within the cytoskeletal corral and the maximum value of RMS displacement varies with
corresponding cytoskeletal corral length in the systems which indicates that the
confinement length of protein depends on the cytoskeletal corral size in the system.
Apparently in the system (blue line) of CSL = 41.85 nm and CCL = 38.95 nm in Fig. 17,
does not show any confinement of the protein as the CSL is too long than that of other
systems. In order to get the confinement length in this system long run time is needed.
The run time for all systems represented in the Fig. 17 is five million time steps.
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Cytoskeleton

Protein

FIG. 16. Membrane system with an embedded long protein and tight cytoskeleton. Protein is confined
within the cytoskeleton corral.

As the cystokeletal meshwork has triangular lattice structure, the transmembrane
protein is confined within a single triangular corral. The diameter of the circular area is
the confinement length of the transmembrane protein diffusion. The Fig. 18 represents
the transmembrane protein diffusion confinement length as the function of the
cytoskeletal corral length (CCL) of the concerned systems which are extracted from the
data simulated for the membrane systems presented in the Fig. 17. The confinement
lengths are 0.69 nm, 0.90 nm, 2.32 nm, 4.01 nm and 5.95 nm for the corresponding CCL
of 4.75 nm, 5.70 nm, 10.45 nm, 15.20 nm, 19.95 nm, 38.95 nm respectively. These data
indicates that the protein diffusion confinement length is directly proportional to
cytoskeletal corral length.
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FIG. 17. Effect of cytoskeleton corral size on the mean square displacement of a protruding protein.
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FIG. 18. Confinement length increases with the increase of cytoskeletal corral length (CCL).
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CHAPTER IV

LIPID RAFT FORMATION AND THEIR GROWTH IN MULTI-COMPONENT
MEMBRANES

IV.1 Domain growth in two-component membranes
The fluctuation in compositions of material which leads to the spontaneous phase
separation is known as spinodal decomposition [11]. It is a generic phenomenon which
refers to the kinetics of phase separation observed in multicomponenet liquids and solids
[18]. Due to spinodal process the initial homogeneous structure of material becomes
unstable which initiates the development of small domains and their growth in order to
minimize the excess energy in the system as they have interfaces [18]. The details of
domain growth during spinodal decomposition depends on some aspects of the system
such as spatial dimension, hydrodynamic interactions and in some cases, the topology of
domains structures [18]. The principal factors which control domain growth and
morphology of phase separating lipid membranes are (1) line tension between the
coexisting phases, (2) composition of the coexisting phases, (3) lateral tension in case of
closed vesicle and (4) hydrodynamic interactions mediated by surrounding fluid and
membrane itself [18].
The spontaneous formation of lipid raft in the plasma membrane is driven by the
entropy and the differences in Gibb‟s free energy among different lipid components in
the plasma membrane. Namely, at the very beginning of the phase separation, the
homogeneous mixture of the two lipids in the membrane is unstable against long
wavelength fluctuations in the composition. This leads to the formation of small
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microscopic segregated regions, separated by interfaces. The subsequent growth of these
regions is due to the excess energy of these interfaces which have to be minimized.
Spontaneous curvature of the membrane as well as the fusion of small rafts into larger
rafts minimizes energy.
In this work, the bilayer is composed of two lipid components, A and B, with
compositions of 70% and 30%, respectively. Total number of lipids is 75050 in the pure
membrane where there is no cytoskeleton and protein. As B lipids are the minority
lipids, they would form isolated lipid domains or rafts. Transmembrane proteins were
embedded in the membranes randomly and cytoskeletal meshwork was also attached
underneath the membranes by anchor proteins. The interactions of transmembrane
protein particles and lipid particles (as described in Chapter-II) were maintained in such a
way that the proteins are inside the lipid raft (i.e., in the B lipids) in the first case and in
the second case the proteins are in the outside of the lipid rafts (i.e., in the A lipids).
Hence the systems are categorized into two types based on their raft compositions. In
each case the membrane systems have been studied varying the protein number density
(PND) and cytoskeleton string length (CSL) and cytoskeleton corral length (CCL)
separately so that it can be observed how they influence the formation and growth rate of
lipid rafts. When transmembrane proteins were embedded in the membranes, the number
of lipids were reduced by Np1.6π nm2 x density of lipids in the system, where Np is the
number of proteins and the effective cross-sectional area of each transmembrane protein
in the lipid bilayer is 1.69π nm2. Therefore the number of lipids decreases with the
increase of protein number density in the system. Total number of particles in the system
is calculated as (75050-Np x 1.69π x density of lipids)+anchor particles+cytoskeleton
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particles, where number of cytoskeleton particles is calculated by anchors x 3 x number
of particles in each cytoskeleton string or filament connecting two adjacent anchors. Five
runs were carried out for each system and each run was conducted for five million time
steps which correspond to 1 ms.

IV.2 Combined effect of transmembrane proteins and cytoskeleton on growth of
lipid rafts
Density profile of particles: In addition to variation of protein number density,
cytoskeletal filament and cytoskeletal corral length, the degree of protrusion of the
trnsmembrane proteins from the membrane surface into the cytoskeletal meshwork is also
very import to study their combined effect on the growth rate of lipid rafts as it is seen in
the chapter III that the confinement of proteins depends on the tension of cytoskeleton as
well as the protrusion of the transmembrane proteins. In order to observe the protrusion
of the proteins average density profiles of particles in the membrane have been studied
over 100 frames of each system. In order to calculate the density profile of particles in
membrane system, model membrane has been sliced along xy plane into a number of
layers of 0.1 nm thickness. As the maximum thickness of model membrane with
cytoskeleton in this work is 4.2 nm, maximum number of layers is 42. The number of
each type of particles in each layer has been counted and the number of all types of
particles summed up to determine the total number of particles in the layer. Hence, the
density of particles in a layer is given by
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Where, the volume of each layer = LxLy 0.1 in nm3.
The number density of particles has been plotted against thickness of model
membrane along z axis in the system which represents the density of profiles of particle.
In Fig. 19, the density profile of the membrane particles is shown in the case of a tensed
cytoskeleton where Np=200, CSL=11.12nm, CCL=10.45nm, r=1.06. This figure indicates
that the hydrophilic part of the proteins (orange line) in the cytoplasmic region is
protruded enough through the cytoskeleton meshwork (cyan line). Similar protrusion of
proteins has been observed in the membrane with tensed cytoskeleton meshwork and
long corral lengths presented in Fig. 21 where Np=400, CSL=42.06nm, CCL=39nm,
r=1.07 and Nl=75050. In Fig. 20, the density profiles for loose cytoskeleton is shown in
the case of a system with Np=400, CSL=23.37nm, CCL=10.45nm, r=2.24. In this case,
we observe that the density of the cytoskeleton is broader than in the case of a tight
skeleton, and that it surpasses that of the cytoplasmic hydrophilic group of the proteins,
implying that the proteins in this case are not as confined as in the tensed cytoskeleton
case.
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FIG. 19. Density profile of particles (except A lipid particles) in the lipid membranes with tensed
cytoskeleton meshwork, where Np=200, CSL=11.12nm, CCL=10.45nm, r=1.06.

FIG. 20. Density profile of particles (except A lipid particles) in the lipid membranes, where Np=400,
CSL=23.37nm, CCL=10.45nm, r=2.24.
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FIG. 21. Density profile of particles (except A lipid particles) in the lipid membranes, where N p=400,
CSL=42.06nm, CCL=39nm, r=1.07.

Individual effect of cytoskeleton and protein on domain growth: The domain
growth in (i) pure membrane, (ii) membrane with tensed cytoskeleton meshwork and (iii)
membrane with transmembrane proteins were studied first separately and then the
combined effects of transmembrane proteins and cytoskeleton meshwork have been
studied varying the protein number density, cytoskeletal string length and cytoskeletal
corral length. In Fig. 22, a snapshot of pure model membrane at 5 million time steps is
shown where the total lipid number is 75050 of which 70% are A lipids and 30% are B
lipids. There is no cytoskeleton or protein in pure membrane. In Fig. 23 a snapshot at 5
million time step of a membrane system with cytoskeleton has been shown where Np=0,
CSL=11.12nm, CCL=10.45nm. In this case, the cytoskeleton is tense as the value of r is
1.06. The domains in Fig. 24 have been extracted from this system. Another snapshot of a
membrane system with 400 proteins has been presented in Fig. 25. The comparison of
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shape and size of domains in Fig. 22, Fig. 24 and Fig. 25 implies that domains in pure
membranes are mostly larger and circular shaped than that of the other two systems.
Interestingly, the domains in the membrane system with 400 proteins are more irregular
in shape than that of other two systems. The total number of domains in pure membrane,
membrane with tensed cytoskeleton and membrane with 400 proteins are 16, 23 and 31,
respectively. The variation of domain numbers in the membrane system with
cytoskeleton and the membrane system with proteins indicates that cytoskeleton and
proteins have their own separate effect on domain growth in membrane. The individual
effect of cytoskeleton and protein is also shown in Fig. 28.

FIG. 22. Two component pure membrane,
raft no=16, (top view).

FIG . 23. Membrane with cytoskeleton, raft no=23
(top view) Np=0, CSL=11.12nm, CCL=10.45nm.
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FIG. 24. Membrane with cytoskeleton, raft no=23,
Np=0, CSL=11.12nm, CCL=10.45nm (top view
-exoplasmic side).

FIG. 25. Membrane with Np=400 & no cytoskeleton, raft no= 31 (snapshot at 2 million
time step, bottom view-cytoplasmic side).

IV.2.1 Effect of protein number density on domain growth
Four membrane systems containing 50, 100, 200, and 400 transmembrane
proteins have been simulated to investigate the effect of protein number density on
domain growth and their snapshot at 5 million time steps are shown in Fig. 26. (a), (b),
(c) and (d) respectively. There are tense cytoskeleton meshwork with CSL of 11.12 nm,
CCL of 10.45 nm and r =1.06. The domain growth rate of these membrane systems
calculated from the structure factor is shown in Fig. 27 and their log-log plot has been
presented in Fig. 29. These figures indicate that the domain growth rate saturates earlier
with the increment of protein number density. The domain size at late time saturation in
the systems has been extracted by extrapolating the growth rate data as shown in Fig. 30.
The domain sizes are 32 nm, 30 nm, 26 nm, and 20.5 nm corresponding to the number of
proteins of 50, 100, 200, and 400 respectively. This picture represents that the domain
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size decreases with increasing of protein number density. Therefore, the domain size is
inversely proportional to protein number density in the membrane system.
Another four systems have also been simulated to observe the effect of protein
number density on domain growth where the proteins remain outside of the domains (i.e.,
in A lipids) due their strong attractive interaction with A lipids. The numbers of proteins
are 117, 233, 467 and 933 instead of 50, 100, 200, and 400 respectively in order to make
the same protein number density in A lipids as that in B lipids. System length Lx = 167.2
nm and the value of CSL, CCL and r are also 11.12 nm, 10.45 nm, and 1.06 respectively.
In this case proteins are embedded replacing A lipids and number of B lipids remains
30% of total number of lipids of 75050. Fig. 27 represents one of these membrane
systems where Np=933, CSL=11.12nm, CCL=10.45nm, r=1.06. The domain growth rate
of these membrane systems calculated from structure factor is shown in Fig. 31 and their
log-log plot has been presented in Fig. 32. It can be inferred from these figures that the
domain growth rate also saturates earlier with the increment of protein number density.
The domain size at late time saturation in the systems has also been extracted by
extrapolating the growth rate data as shown in Fig. 33. The domain sizes are 36.52 nm,
32.12 nm, 23.35 nm, and 14.22 corresponding to the number of proteins of 117, 233, 467
and 933 respectively. This means that the domain size decreases with increasing of
protein number density. The domain size is also inversely proportional to protein number
density in the membrane system.
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Fig. 34 shows that at late time saturation the number of domains in each system
remains same but increases with increasing of protein number density where the protein
are in rafts. The average number of domains has been calculated by averaging the late
time domain saturated data represented in Fig. 34. The average number of domains vs
PND has presented in Fig. 35. Average total number of domains in the systems are 24,
27, 32, and 44 respectively. In second case where proteins are outside of lipid rafts,
similar observations have been found in Fig. 36 and Fig. 37. The average domain
numbers in these systems are 18, 19, 39 and 122 respectively. The number of domains
increases when protein number density increases in both cases. Membrane system where
protein number is 933, the domain number is very high than that of other systems.
Total interface of domains in the systems has been calculated where the protein
are in rafts. At late time the total interface does not change much in an individual system
according to Fig. 38. It increases with increasing of PND. The average total interface of
domains has been calculated from the data shown in Fig. 38 and represented in Fig. 39.
As the number of domains increases with increasing of PND, their size decreases and the
total interface of the domains in the systems increases (cf. Fig. 39). Similar results have
been found in the case where proteins are outside of rafts which are shown in Fig. 40 and
Fig. 41 respectively.
Anisotropy of domain is defined as the ratio of domain perimeter and square root
of domain area. The anisotropy of domains of has been presented as a function of time in
the Fig. 42 where the proteins are in rafts. The anisotropy of the domains at late time
domain growth saturation extracted from the data shown in Fig. 42 and has been
represented in Fig. 43. It has been found that domain anisotropy increases with the
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increase of PND. Similar calculations and data analysis have been done for the data
shown in Fig. 44 and Fig. 45 respectively for the case where proteins are outside of rafts.
However, the results are not such systematic as that in the case where proteins are in
rafts. It is mentionable that anisotropy of domains for all systems at late time about to
same. It could be the reason behind this result that the domains are almost free from the
mismatch of hydrophobic part of proteins.

FIG . 26. (a) Membrane with cytoskeleton and proteins. Np=50, CSL=11.12nm, CCL=10.45nm, r=1.06.

FIG. 26. (b) Membrane with cytoskeleton and proteins. Np=100, CSL=11.12nm, CCL=10.45nm, r=1.06.

51

FIG. 26. (c) Membrane with cytoskeleton and proteins. Np=200, CSL=11.12nm, CCL=10.45nm, r=1.06.

FIG. 26. (d) Membrane with cytoskeleton and protein number N p=400, CSL=11.12nm, CCL=10.45nm,
r=1.06.

FIG. 26. Membrane with different proteins number densities. All systems are of the dimension of 167.2nm
x 144.78nm. CSL=11.12nm CCL= 10.45nm, Rafts are composed of B type lipids (green head & magenta
tail) and proteins.
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(a) Top view of membrane system with Np=933, CSL=11.12nm, CCL=10.45nm, r= 1.06. Proteins in blue
are outside of rafts in red.

(b) Membrane system with Np=933, CSL=11.12nm, CCL=10.45nm, r=1.06 (bottom view-cytoplasmic
side).
FIG. 27. Snapshot of membranes with Np=933 and cytoskeleton meshwork (in ochre (b)). Proteins (in blue)
are not in the rafts (red). Average number of rafts is 122 which is much higher than the corresponding
system of Np=400 while the proteins are in the rafts (Fig. 24. (d)).
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FIG. 28. Comparison of average domain growth rate in the membranes due to the variation of protein
number densities, where proteins are inside the domains.

FIG. 29. Log-log plot of average domain growth rate in the membranes due to the variation of protein
number densities (proteins are inside the domains).
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FIG. 30. Comparison of average domain size in the membranes due to the variation of protein number
densities. Domain size is inversely proportional to protein number density (proteins are inside the
domains).

.
FIG. 31. Comparison of average domain growth rate in the membranes due to the variation of protein
number densities where proteins are outside of the domains.
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FIG. 32. Log-log plot of average domain growth rate in membranes due to the variation of protein number
density (proteins are outside of the domains).

FIG. 33. Comparison of average domain size in the membranes due to the variation of protein number
density. Domain size is inversely proportional to protein number density (proteins are outside of the
domains).

56

FIG. 34. Comparison of number of domains as a function of time at different protein number densities
(proteins are in rafts).

FIG. 35. Average total number of domains in the membrane system for various protein number densities at
late time domain growth saturation (proteins are in rafts).
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FIG. 36. Comparison of number of domains as a function of time at different protein number densities
(proteins are outside of rafts).

FIG. 37. Total number of domains in the membrane system for various protein number densities at late time
domain growth saturation (proteins are outside of rafts).
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FIG. 38. Comparison of total interface of domains as a function of time at different protein number
densities (proteins are in rafts).

FIG. 39. Total interface of domains in the membrane system for various protein number densities at late
time domain growth saturation (proteins are in rafts).
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FIG. 40. Comparison of total interface of domains as a function of time at different protein number
densities (proteins are outside of rafts).

FIG. 41. Total interface of domains in the membrane system for various protein number densities at late
time domain growth saturation (proteins are outside of rafts).
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FIG. 42. Anisotropy of domains as a function of time at different protein number densities (proteins are in
rafts).

FIG. 43. Measurement of anisotropy of domains at different protein number densities in late time domain
growth saturation (proteins are in rafts).
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FIG. 44. Anisotropy of domains as a function of time at different protein number densities (proteins are
outside of rafts).

FIG. 45. Measurement of anisotropy of domains at different protein number densities in late time domain
growth saturation (proteins are outside of rafts).
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IV.2.2 Effect of cytoskeletal tension on domain growth
There are three membrane systems have been simulated to observe the effect of
cytoskeleton filament length on domain growth in addition to the membrane system of
400 transmembrane proteins and tensed cytoskeleton meshwork of 11.12 nm CSL, 10.45
nm CCL r=1.06 (cf. Fig. 26. (d)). The number of proteins Np=400 and dimension (167.2
nm x 144.8 nm) of system and cytoskeleton corral length CCL 10.45 nm are same for all
systems. Only the cytoskeleton string length (CSL) has been varied as 14.97 nm, 19.63
nm and 23.37 nm corresponding to the values of r are 1.06, 1.43, 1.91, and 2.24
respectively. The relative protrusion of transmembrane proteins and looseness of
cytoskeleton meshwork in each system have been shown in Fig. 46. (a), (b), (c) and (d)
respectively where the proteins are in raft. In this case proteins are embedded replacing B
lipids and number of A lipids remains 70% of total number of lipids of 75050. Fig. 46(e)
represents the cross-sectional view of membrane system where CSL (tan)=23.37nm,
CCL=10.45nm, r=2.24, Np=933 (blue head, magenta tail) and proteins are outside of
rafts.
Fig. 46. (d) represents the density profile of particles as shown in Fig. 20 where
the CSL is looser than that of any other systems. The rafts are composed of B lipids and
transmembrane proteins also. Snapshots with grazing view of rafts at five million time
steps of the systems where CSL are 14.97 nm, 19.63 nm, and 23.37 nm have been shown
in Fig. 47. (a), (b) and (c) respectively. The domain growth rate has also been calculated
from structure factors shown in Fig. 48 and their log-log plot has been presented in Fig.
49. The domain size in each system has been calculated by extrapolating the data
presented in Fig. 47 at very later time. The average domain size as a function of CSL has
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been shown in Fig. 50. Domain sizes are 20.5 nm, 25.9 nm, 28.4 nm, 31.3 nm
corresponding to the CSL of 11.12 nm, 14.97 nm, 19.63 nm, and 23.37 nm respectively
from which, it can be written that domain size increases with the increase of CSL.
In this case the data analysis represents that the domain growth rate is saturated earlier
with lower CSL. It means that due to the tensed cytoskeleton protruded proteins are
confined within corrals, which slows down the microphase separation by preventing the
coalescence of domains to form possible small number of larger domains and the domain
growth rate becomes saturated at earlier time. Here the relative protrusion of proteins
with respect to loose cytoskeleton filaments is a major factor which influence domain
growth rate. The CSL is looser the domain growth rate becomes higher. It should be up to
certain extent, if the CSL is loose enough and the proteins are not confined within the
cytoskeletal corral anymore so rigorously then the domain growth will depend on the
other factors also, like diffusion of proteins as well as the delocalization and coalescence
of domains.
Another four systems have also been simulated to observe the effect of CSL on
domain growth where the proteins remain outside of the domains (i.e., in A lipids) due to
their strong interactions with A lipids (described in chapter-II). In this case, Np= 933,
CCL=10.45 nm for all systems. The values of CSL 11.12 nm, 14.97 nm, 19.63 nm and
23.37 nm in the systems corresponding to the values of r are 1.06, 1.43, 1.91 and 2.24
respectively. In this case proteins are embedded replacing A lipids and number of B
lipids remains 30% of total number of lipids of 75050. The domain growth rate has also
been calculated from structure factors shown in Fig. 51 and their log-log plot has been
presented in Fig. 52. The extracted domain size has been shown with respect to CSL in
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Fig. 53. The values of domain sizes are 14.22 nm, 14.6 nm, 14.06 nm, and 14.19 nm
corresponding to the CSL of 11.12 nm, 14.97 nm, 19.63 nm, and 23.37 nm respectively.
There is no significant fluctuation in domain size has been observed in different systems
as in Fig. 53.
Domain number, their total interface with surrounding membrane and the
anisotropy of domains while the transmembrane proteins are in the rafts have been shown
a function of time in Fig. 54, Fig. 56 and Fig. 58 respectively. Average domain number,
total interface of domain in the systems, and anisotropy of domain have been calculated
from the data represented in Fig. 54, Fig. 56 and Fig. 58 respectively. These measured
quantities are shown against CSL in Fig. 55, Fig. 56 and Fig. 59 respectively. Fig. 55
implies that number of domains is higher in the system when the cytoskeleton meshwork
is tensed (r=1.06) and CSL is lower than that of the loose cytoskeleton meshwork (r >
1.06). Fig. 57 shows that the total interface of domains decreases with increasing CSL.
From Fig. 59, it can be written that the anisotropy of domains in the systems does not
change significantly which implies that the tension of cytoskeleton does not has enough
influence on domain anisotropy.
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(a) Membrane with CSL (in cyan)=11.12nm, CCL=10.45nm, r=1.06, N p=400 (in yellow head, white tail).

(b) Membrane with CSL (cyan)=14.97nm, CCL=10.45nm, r=1.43, N p=400 (yellow head, white tail).

(c) Membrane with CSL (cyan)=19.63nm, CCL=10.45nm, r=1.91, Np=400 (yellow head, white tail).

(d) Membrane with CSL (cyan)=23.37nm, CCL=10.45nm, r=2.24, N p=400 (yellow head, white tail).

(e) Membrane with CSL (tan)=23.37nm, CCL=10.45nm, r=2.24, N p=933 (blue head, magenta tail).
Proteins are outside of rafts.

FIG. 46. Cross-sectional view of membrane systems with cytoskeleton of different tensions showing
relative protrusions of proteins into cytoskeleton mesh.
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Similarly, membrane systems where the proteins are outside of rafts, domain
number, total interface of domains, and anisotropy of domains have been calculated and
presented in Fig. 60, Fig. 61, Fig. 62, Fig. 63, Fig. 64, Fig. 65 respectively. There is no
significant difference in domain number, total interface of domains and anisotropy of
domain in the system has been found.

FIG. 47. (a) Membrane with loose cytoskeleton where Np=400 with yellow head, CSL=14.97nm in cyan,
CCL=10.45nm, r=1.43 Bottom view (cytoplasmic side) of membrane system.

67

(b) Membrane with loose cytoskeleton where Np=400 with yellow head, CSL=19.63nm in cyan,
CCL=10.45nm, r=1.91, Bottom view (cytoplasmic side) of membrane system.

(c) Membrane with loose cytoskeleton where Np=400 with yellow head, CSL=23.37nm in cyan,
CCL=10.45nm, r=2.24, bottom view (cytoplasmic side) of membrane system.

FIG. 47. Snapshots of membrane systems with cytoskeleton meshwork of different tensions (r).
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FIG. 48. Comparison of average domain growth rate in the membranes due to the variation of CSL
(proteins are inside the domains).

FIG. 49. Log-log plot of average domain growth rate in the membranes due to the variation of CSL
(proteins are inside the domains).
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FIG. 50. Comparison of average domain size in the membranes due to the variation of CSL. Domain
size is proportional to CSL (proteins are inside of the domains).

FIG. 51. Comparison of average domain growth rate in the membranes due to the variation of CSL
(proteins are outside of domains).
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FIG. 52. Log-log plot of average domain growth rate in the membranes due to the variation of CSL
(proteins are outside of the domains).

FIG. 53. Comparison of average domain size in the membranes due to the variation of CSL. Domain size
does not vary significantly (proteins are outside of the domains).
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FIG. 54. Comparison of number of domains as a function of time at different CSL (proteins are in rafts).

FIG. 55. Total number of domains in the membrane system for various CSL at late time domain growth
saturation (proteins are in rafts).
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FIG. 56. Comparison of total interface of domains as a function of time at different CSL (proteins are in
rafts).

FIG. 57. Total interface of domains in the membrane system for various CSL at late time domain growth
saturation (proteins are in rafts).
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FIG. 58. Anisotropy of domains as a function of time at different CSL (proteins are in rafts).

FIG. 59. Measurement of anisotropy of domains at different CSL (proteins are in rafts).
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FIG. 60. Comparison of number of domains as a function of time at different CSL (proteins are outside of
rafts).

FIG. 61. Total number of domains in the membrane system for various CSL at late time domain growth
saturation (proteins are outside rafts).
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FIG. 62. Comparison of total interface of domains as a function of time at different CSL (proteins are
outside of rafts).

FIG. 63. Total interface of domains in the membrane system for various CSL at late time domain growth
saturation (proteins are outside of rafts).
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FIG. 64. Anisotropy of domains as a function of time at different CSL (proteins are outside of rafts).

FIG. 65. Measurement of anisotropy of domains at different CSL (proteins are outside of rafts).
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IV.2.3 Effect of cytoskeletal corral length on domain growth
In order to study the effect of cytoskeletal corral length on domain growth two
systems have been simulated in addition to a system of Np=400, CSL=11.12 nm,
CCL=10.45nm and r=1.06 (cf. Fig. 26(d)). In new systems (1) Np=400, CSL=21.55nm,
CCL=20nm, r=1.07 and (2) Np=400, CSL=42.06nm, CCL=39nm, r=1.07 respectively. As
proteins are in rafts, they are embedded by replacing B lipids in the systems number of A
lipids remains 70% of total number of lipids of 75050. Snapshots of the new systems
have been presented in Fig. 66. (a) and (b) at respectively 5 million time steps showing
the proteins are in lipid rafts. These systems have tensed cytoskeleton and therefore the
proteins are confined within the corral (cf. Fig. 21). The domain size has been calculated
from structure factor and represented as a function of time in Fig. 67 and their log-log
plot has been shown in Fig. 68. The domain size obtained by extrapolating the data
shown in Fig. 67 has been presented in Fig. 69 as a function of CCL. The average size of
domains are 20.7 nm, 23.4 nm, and 30.8 nm corresponding to the CCL of 10.45 nm, 20
nm and 39 nm which implies that the domain size increases with increasing of CCL.
The number of domains, their total interface and anisotropy in the systems have
been calculated as a function of time and shown in Fig. 73, Fig. 75 and Fig. 77
respectively. Average number of domains, and their total interface and anisotropy at late
time domain saturation have been plotted against CCL in Fig-74, Fig-76 and Fig-78
respectively. The values of domain number, total interface of domains and anisotropy of
domains are obtained by averaging the data presented in Fig. 73, Fig. 75 and Fig. 77
respectively at late time. The numbers of domains are 44, 40, and 20 corresponding to the
CCL of 10.45 nm, 20 nm, and 39 nm respectively in Fig. 74, which implies that number
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of domains increases with increasing the value of CCL. Fig. 76 shows that total interface
decreases with the increase of CCL. But the anisotropy of domain does not change much.
In second case where the proteins are outside of the domains, there are three
systems have been simulated with (1) Np = 933, CSL = 11.12 nm, CCL = 10.45 nm, r =
1.06, (2) Np = 933, CSL = 21.55 nm, CCL = 20 nm, r = 1.07 and (3) Np = 933, CSL =
42.06 nm, CCL = 39 nm, r = 1.07 respectively. In this case proteins are embedded by
replacing A lipids and therefore the number of B lipids remains 30% of total number of
lipids of 75050. Calculated domain growth rate from structure factor and their log-log
plot have been represented in Fig. 70 and Fig. 71 respectively. The extracted domain size
from the data shown in Fig. 72 are 14.22 nm, 13.78 nm, and 13.37 nm corresponding to
the CCL of 10.45 nm, 20 nm, and 39 nm respectively. This indicates that the variation of
CCL does not have significant effect on domain growth while proteins are outside of
rafts.
The number of domains, their total interface and anisotropy in the systems have
also been calculated as a function of time while the proteins are outside of rafts and
shown in Fig. 79, Fig. 81 and Fig. 83 respectively. Average number of domains, and their
total interface and anisotropy at late time domain saturation have also been presented
against CCL in Fig. 80, Fig. 82 and Fig. 84 respectively. The numbers of domains are
122, 119, and 117 corresponding to the CCL of 10.45 nm, 20 nm, and 39 nm respectively
in Fig. 80, which implies that number of domains does not change much with increasing
the value of CCL. Fig. 82 shows that total interface decreases with the increase of CCL
but not such significant as in the case where proteins are in rafts. The anisotropy of
domain also does not change much.
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(a) Np=400, CSL=21.55nm, CCL=20nm, r=10.7, bottom view (cytoplasmic side).

(b) Np=400, CSL=42.06nm, CCL=39nm, r=1.07, bottom view (cytoplasmic side).
FIG. 66. Membrane systems with different cytoskeleton corral size at constant cytoskeletal tensions
(r=1.07), Rafts are composed of B lipids (green head & magenta tail) and proteins in yellow head and white
tail).
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FIG. 67. Comparison of average domain growth rate in the membranes due to the variation of CCL
(proteins are inside the domains).

FIG. 68. Log-log plot of average domain growth rate in the membranes due to the variation of CCL
(proteins are inside the domains).
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FIG. 69. Comparison of average domain size in the membranes due to the variation of CCL. Domain size
increases proportionally with CCL (proteins are inside the domains).

FIG. 70. Comparison of average domain growth rate in the membranes due to the variation of CCL
(proteins are outside of the domains).
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FIG. 71. Log-log plot of average domain growth rate in the membranes due to the variation of CCL
(proteins are outside of domains).

FIG. 72. Comparison of average domain size in the membranes due the variation of CCL. Domain size
does not change much with the variation of CCL (proteins are outside of domain.
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FIG. 73. Comparison of number of domains as a function of time at different CCL (proteins are in rafts).

FIG. 74. Total number of domains in the membrane system for various CCL at late time domain growth
saturation (proteins are in rafts).
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FIG. 75. Comparison of total interface of domains as a function of time at different CCL (proteins are in
rafts).

FIG. 76. Total interface of domains in the membrane system for various CCL at late time domain growth
saturation (proteins are in rafts).
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FIG. 77. Anisotropy of domains as a function of time at different CSL (proteins are in rafts).

FIG. 78. Measurement of anisotropy of domains at different CSL (proteins are in rafts).
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FIG. 79. Comparison of number of domains as a function of time at different CCL (proteins are outside of
rafts).

FIG. 80. Total number of domains in the membrane system for various CCL at late time domain growth
saturation.
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FIG. 81. Comparison of total interface of domains as a function of time at different CCL (proteins are
outside of rafts).

FIG. 82. Total interface of domains in the membrane system for various CCL at late time domain growth
saturation (proteins are outside of rafts).
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FIG. 83. Anisotropy of domains as a function of time at different CSL (proteins are outside of rafts).

FIG. 84. Measurement of anisotropy of domains at different CSL (proteins are outside of rafts).
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CHAPTER V

CONCLUSIONS

In conclusion, I presented in this thesis the very first study of the combined effect
of transmembrane proteins and the cytoskeleton on the kinetics of formation of lipid
domains in multicomponent membranes. The driving force of this study is to understand
the elusive nanoscale size of lipid domains (or rafts) in the plasma membrane. There have
been several hypotheses in the past to explain the nanoscale size of lipid rafts. Here, my
goal was to understand this through the picket-fence model proposed by Kusumi et al.
few years ago. My study is based on a simple minimal particle-based model that takes
into account an explicit multicomponent lipid bilayer, an explicit flexible cytoskeleton
that is akin to that of red blood cells, and explicit transmembrane proteins. The proteins,
in my study, protrude enough into the cytoplasm in order for them to collide with the
cytoskeleton. Interestingly, we found that the proteins diffusion becomes confined by the
cytoskeleton, with the confinement area determined by the corral size. We also found
that due to their confinement, the proteins lead to a dramatically slow non-algebraic
kinetics and eventually a microphase separation. The number density of the proteins, the
size of corral and the tension of the cytoskeleton determine the domain size at
equilibrium. In particular, the larger is the amount of proteins, the smaller are the
domains. Furthermore, the smaller is the corral size, the smaller is the domain size. This
study shows that due to their limited diffusion as a result of the underlying cytoskeleton,
the transmembrane proteins act as pinning agents, which have been shown in the past on
completely different systems to lead to microphase separation.
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It is important to note that the model I used is very simple. Indeed, the solvent is
only treated implicitly in the model, and the model is fully diffusive. Therefore,
hydrodynamics are ignored. This implies that the kinetics is not very correct. However,
since we are interest in the general effect of the proteins and particularly on the domain
size at equilibrium, which should not depend on the kinetics, this model should be
appropriate. Furthermore, active elements are completely ignored in this model. Indeed,
the plasma membrane involves a wide range of active processes, which are absent in the
present study.
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